Cytoskeletal adaptor proteins serve vital functions in linking the internal cytoskeleton of cells to the cell membrane, particularly at sites of cellcell and cell-matrix interactions. The importance of these adaptors to the structural integrity of the cell is evident from the number of clinical disease states attributable to defects in these networks. In the heart, defects in the cytoskeletal support system that surrounds and supports the myofibril result in dilated cardiomyopathy and congestive heart failure. In this study, we report the cloning and characterization of a novel cytoskeletal adaptor, obscurin-like 1 (OBSL1), which is closely related to obscurin, a giant structural protein required for sarcomere assembly. Multiple isoforms arise from alternative splicing, ranging in predicted molecular mass from 130 to 230 kDa. OBSL1 is located on human chromosome 2q35 within 100 kb of SPEG, another gene related to obscurin. It is expressed in a broad range of tissues and localizes to the intercalated discs, to the perinuclear region, and overlying the Z lines and M bands of adult rat cardiac myocytes. Further characterization of this novel cytoskeletal linker will have important implications for understanding the physical interactions that stabilize and support cell-matrix, cellcell, and intracellular cytoskeletal connections.
Working myocardium depends on strong cell-cell and cellmatrix interactions to transmit force efficiently to the extracellular matrix and maintain coordinated excitation-contraction coupling [1] . Myocardial disease states such as postmyocardial infarction, hypertrophic or dilated cardiomyopathy, and pathologic cardiac hypertrophy are characterized by myocyte disarray with disruption of these structural relationships and increased interstitial fibrosis [2] [3] [4] . One of the most vital and complex sites of cell-cell contact between adjacent cardiac myocytes is the intercalated disc. Intercalated discs are composed of three types of cell-cell contacts: adherens junctions, gap junctions, and desmosomes. These connections serve as anchorage sites for the actin cytoskeleton, the intermediate filament network, microtubules, and the terminal ends of the myofibrils. They stabilize the cellular cytoskeleton and allow for the electromechanical coupling of cardiac myocytes to form a functional syncytium [5] . Distinct structures along the lateral margins of the cardiac myocyte promote lateral integration of adjacent cardiac myocytes, anchor the cytoskeleton, and help maintain precise relationships between the contractile units and the mitochondria, nuclei, surrounding cytoskeletal structures, and specific membrane compartments [6] . These lateral connections include costameres, desmosomes, and dystrophin/dystroglycan complexes. All of these membrane-bound cell adhesion complexes are connected to the intracellular cytoskeleton by an array of structural and signaling proteins that affect the mechanical properties of the linkage and regulate intracellular signaling cascades in response to mechanical stimuli.
One novel structural and signaling protein that may interact with the intracellular domains of one or more of these cell adhesion complexes in myocytes is obscurin [7] [8] [9] . Obscurin is a giant, multifunctional protein that has been demonstrated to have important roles in the assembly of striated myofibrils and in myocyte cellular organization [10] [11] [12] [13] [14] . It interacts with titin and ankyrin and is postulated to form a vital link between the sarcomere and the sarcoplasmic reticulum, potentially helping to keep extrasarcomeric structures in lateral alignment with the sarcomere during contraction/relaxation [9, 10, 15, 16] . In previous studies, we have demonstrated that obscurin is the vertebrate orthologue of Unc-89 and that a gene duplication/ genomic rearrangement of obscurin led to the genesis of a closely related gene, SPEG (striated muscle preferentially expressed gene) [17] . SPEG [18] has two tandemly arranged serine-threonine kinase domains, an unusual feature that it shares only with the carboxy-terminal region of obscurin and with some isoforms of Unc-89 [17, 19] .
In this study, we report the cloning of a novel gene, obscurinlike 1 (OBSL1), that is related to obscurin. Given its close physical linkage to the SPEG locus across a range of species, it likely arose as part of the same gene duplication/genomic rearrangement that gave rise to SPEG. Its unique patterns of tissue and cellular distribution indicate that it is likely to have functions that it does not share with obscurin or performs instead of obscurin in adult tissues. In adult cardiac myocytes, it preferentially localizes to the intercalated disc and the perinuclear region, with some immunolabeling overlying the Z line and the M band. Its rapid removal from the sarcomere in cardiac myocytes remodeling in primary culture suggests that it is likely to be associated with the cytoskeletal network overlying the sarcomere rather than an integral structural component of the Z disc or M band. This pattern of localization suggests that, like obscurin, OBSL1 likely functions as a cytoskeletal linker, positioning and stabilizing cell contacts and organelles within the cytoskeletal framework.
Results

Cloning of the human obscurin-like protein 1 (OBSL1) gene
To identify novel genes potentially related to obscurin, the amino acid sequence of the amino-terminal fibronectin domain from the human obscurin protein was used as a probe to search GenBank databases. One human gene, encoding a partial transcript known as KIAA0657, was predicted to encode a protein with high amino acid sequence similarity to obscurin. This gene was subsequently named obscurin-like 1 (OBSL1). To characterize transcripts from this gene, a BLAST sequence homology search was performed using the KIAA0657 cDNA sequence as a probe. From the GenBank database, multiple human ESTs corresponding to OBSL1 transcripts were identified. Overlapping cDNA sequences were assembled to construct a composite coding sequence. The 5′ end of the gene was determined based on sequence alignment of multiple species and confirmed by 5′RACE and PCR analysis (data not shown). Based on this composite sequence, PCR primers were designed and sequencing of PCR products from human heart cDNA was used to confirm the longest coding sequence (approximately 5.9 kb in length).
Multiple ESTs in which coding sequence from coding exon 8 was followed by noncoding sequence were identified. This exon, coding exon 9, was excluded from the longer transcripts by alternative splicing. A stop codon that was conserved in the human, chimp, mouse, rat, and dog sequences was identified within exon 9 and was followed by a conserved polyadenylation signal. A composite sequence was constructed for a 3.3-kb transcript (Fig. 1A) and was confirmed by PCR amplification from an adult human heart cDNA library. A third translation stop signal was identified at the end of coding exon 15. A splice donor site at the end of that exon could be used to generate longer transcripts or ignored to result in a translation stop codon followed by a conserved polyadenylation signal. EST and RT-PCR analysis also revealed multiple alternative splice products related to the longer transcripts. After analysis of EST sequences and the cDNA amplifications performed in this study, it would appear that there are a minimum of eight different OBSL1 isoforms, which we have arranged into three main groups, A, B, and C (GenBank Accession Nos. EF063638, BC007201, and EF063637, respectively), based on which of the three translation stop codons is used. OBSL1 A refers to all isoforms that use the most 3′ of the translation stop codons, while OBSL1 B and C refer to all isoforms that use the stop codons present within the 9th and after the 15th coding exons, respectively. The translation start site (cnATGAAG) was precisely conserved in human, mouse, and rat (data not shown) and was shared by the 3.3-kb and the longer transcripts. In all, 22 exons were identified, spread over approximately 25 kb of genomic DNA.
The simple modular architecture research tool (SMART) was used to identify protein motifs encoded by the constructed OBSL1 transcripts. The isoform of OBSL1 was encoded by the 3.3-kb transcript (OBSL1 B) and was predicted to encode four tandem amino-terminal immunoglobulin-like (Ig) domains, a central fibronectin (Fn) domain, and three carboxy-terminal Ig domains (Fig. 1B) . The longer transcripts were predicted to encode a variable number of carboxy-terminal Ig domains depending on the splicing. The longest of the transcripts would be predicted to encode 13 carboxy-terminal Ig domains.
Phylogeny of OBSL1 and the obscurin gene family
To determine the phylogenetic relationships between OBSL1 and obscurin, the amino acid sequences for the fibronectin domains of the members of the obscurin gene family were compared (Fig. 1C) . Based on the phylogenetic distances, the OBSL1 fibronectin-like domain is most similar to the corresponding domain at the amino terminus of obscurin. The carboxy-terminal fibronectin domain of obscurin is more closely related to the corresponding domain in SPEG, a gene previously determined to have arisen from obscurin by a partial gene duplication event [17] . Therefore, OBSL1 appears to be a novel member of a family of genes derived from Unc-89 (Fig.  1C) , a protein responsible for M-band assembly in invertebrate striated muscle [20, 21] .
Mapping of human and zebrafish OBSL1
Using a BLAST sequence homology search, OBSL1 was determined to be a single-copy gene in the human genome. Interestingly, the KIAA0657 transcript, a fragment of the OBSL1 coding sequence, had been previously mapped to human chromosome 2q35, within 100 kb of SPEG (see http:// www.ensembl.org/Homo_sapiens/contigview?chr=2&vc_start= 220259418&vc_end=220263478). There is no evidence that SPEG and OBSL1 are part of the same gene, since they are transcribed in opposite orientations (Fig. 2) . More likely they both arose as part of the same gene duplication/genomic rearrangement event involving the obscurin locus that occurred prior to the evolution of teleost fish [17] .
To confirm that this genomic arrangement involving a duplicated obscurin gene occurred prior to the evolution of teleost fish and then was preserved across species, the SPEG and OBSL1 genes were mapped in zebrafish. Using a BLAST sequence homology search (tBlastn, database nr), two zebrafish OBSL1 genes were identified, one on chromosome 6 (http://www.ensembl.org/Danio_rerio/transview?transcript= GENSCAN00000031113;db=core) and one on chromosome 9 (http://www.ensembl.org/Danio_rerio/transview?transcript= GENSCAN00000005140;db=core). It is not uncommon to have two orthologues of a given mammalian gene due to the genome duplication event in teleost fish after divergence from their common ancestor with higher vertebrates [22] . The locus on chromosome 9 may represent an intermediate step in the evolution of the OBSL1 gene that was preserved in zebrafish due to the different selective pressure presented by the genome duplication. It is predicted to encode a protein with more immunoglobulin domains than are present in the human OBSL1 A isoform but significantly fewer than are present in obscurin (data not shown). In contrast to the chromosome 9 loci, the locus on chromosome 6 would be predicted to encode an OBSL1 that is similar in size and composition to the mammalian OBSL1 A isoform. These two loci are not incomplete obscurin sequences since the zebrafish obscurin and obscurin-MLCK genes, orthologues of the single mammalian obscurin gene, have been previously mapped to zebrafish chromosomes 24 and 8, respectively [13] . Like their human counterpart, neither of the identified zebrafish OBSL1 genes is predicted to encode the signaling domains present in obscurin. Both the chromosome 6 and the chromosome 9 loci are in close proximity to genes encoding the zebrafish orthologues of SPEG, supporting the assertion that SPEG and OBSL1 may have concurrently emerged during the rearrangement of a duplicated obscurin gene (Fig. 2 ).
Tissue expression of human OBSL1
To determine the adult tissue expression pattern of OBSL1, Northern analysis was performed with a cDNA probe derived from the 5′ coding sequence that was predicted to be included in the 3.3-(OBSL1 B), 5.5-(OBSL1 C), and 5.9-(OBSL1 A) kb transcripts. The 3.3-kb transcript was strongly expressed in the heart and placenta and expressed at lower levels across a broad range of tissues (Fig. 3A) . The full 6-kb transcript was selectively expressed in the heart and, to a much lesser extent, in skeletal muscle and testes. Alternatively spliced forms of the longer transcripts (OBSL1 A and C), ranging in length from approximately 4.9 to 5.8 kb, could be detected in multiple noncardiac tissues. This pattern of expression is consistent with that noted for KIAA0657 [23] . Examination of ESTs and amplified cDNAs confirmed extensive alternative splicing of the 3′ end of the longer transcript with two conserved polyadenylation signals, one following exon 15 and one within exon 22 at the 3′end of the gene (Fig. 3B) . Alternative splicing at the 3′ end of coding exon 15 results in the inclusion or exclusion of a conserved stop codon (Fig. 3C ).
OBSL1 localizes to intercalated discs, costameres, and the perinuclear region in adult rat cardiac myocytes
To further characterize OBSL1, a polyclonal antibody to the first immunoglobulin domain, a domain that is common to the OBSL1 A, B, and C isoforms (see Fig. 1 ), was generated. This domain is highly conserved in mammals, with 88% amino acid identity between the human and the rat OBSL1 in this region. On Western analysis of adult human and rat heart lysates, a band of approximately 230 kDa, the predicted size of the OBSL1 A isoform, was detected (Fig. 4) . A band of approximately 130 kDa, the predicted molecular weight of the OBSL1 B isoform, was noted to be much more prominent in the human than in the rat heart lysate. In the human heart lysate, additional bands were noted. They ranged in size from 170 to 200 kDa and potentially corresponded to OBSL1 C or variants of OBSL1 A. Differences in relative isoform abundance, as determined by Western versus Northern analysis (compare Figs. 3A to 4), are likely due to differences in translation efficiency or protein turnover. Quantitative RT-PCR analysis (data not shown) suggests that the A isoform is the predominant one in adult rat cardiac myocytes, which were used in subsequent immunolocalization studies.
Due to the prominent expression of OBSL1 in the heart on Northern analysis (Fig. 3A) and its similarity to obscurin, the cellular localization of OBSL1 was examined in freshly isolated adult rat cardiac myocytes. Unlike obscurin, which localizes primarily to the M band and, to a lesser extent, the Z disc in adult rat cardiac myocytes [7, [10] [11] [12] , OBSL1 localized to the intercalated disc, to the perinuclear region, and overlying the Z lines, and, to a lesser extent, the M bands (Figs. 5 and 6 ). Significant accumulation of OBSL1 was also noted between adjacent but not yet fused myofibrils. In these areas, OBSL1 was arranged in a linear or dotted pattern with accumulation overlying the Z lines (Fig. 6) .
To examine the dynamics of localization of OBSL1 during myocyte remodeling, adult rat cardiac myocytes were allowed to remodel in the presence of serum for 3 days. Under these conditions, cardiac myocytes attach to the substrate and begin ordered (reversible) disassembly of their contractile structures. The cells become more rounded and form focal contact attachments to the substrate in preparation for reassembling new sarcomeric structures, aligned to the new axis of contraction. Using this approach, we noticed that, even as cells began to remodel and assume a more rounded shape, Fig. 2 . OBSL1 and SPEG genes are physically linked in both the zebrafish and the human genomes. Transcripts corresponding to the zebrafish (Danio rerio) and human OBSL1 and SPEG genes were identified by BLAST sequence homology search. Mapping information was derived from the Ensembl database (www.ensembl.org) and has not been independently verified. The approximate distances between the polyadenylation signals for the SPEG and OBSL1 genes are noted at the right. Note that in both the zebrafish and the human genomes, the SPEG and OBSL1 genes are closely linked physically but transcribed in opposite directions. The scale bar represents 100 kb of sequence and estimated distances are approximate. For clarity, transcripts other than those of OBSL1 and SPEG have not been included.
OBSL1 retained its perinuclear distribution. Often, accumulation of OBSL1 was noted at either end of the elongated nucleus. Polar perinuclear accumulations of OBSL1 were noted around 68% of the nuclei, while a more diffuse localization or eccentric accumulation was noted in 17 and 15% of the nuclei, respectively (N = 40). As the cells continued to remodel and the nuclei became more rounded, the perinuclear accumulation became more diffuse, with all of the nuclei examined (N = 40) demonstrating a diffuse distribution at 14 days postplating (data not shown). This suggests that OBSL1 is closely associated with the nuclear envelope or the surrounding cytoskeleton and its distribution is dependant on nuclear morphology.
The association of OBSL1 with structures overlying the Z line and M bands was more transient. As cardiac myocytes remodeled in primary culture, OBSL1 rapidly dissociated from the Z line and M band regions before the ordered disassembly of the contractile structure as documented by an intact pattern of α-actinin staining (Figs. 7C and 7D) . This was noted to occur relatively rapidly, usually within 72 h of plating. During remodeling, OBSL1 relocalized to new focal contacts between the cardiac myocyte and the substrate and gradually dissociated from the intercalated discs as these structures were disassembled (Figs. 7C and 7D) . Later in the remodeling process, OBSL1 relocalized to cell-cell contacts as these structures reformed (see Figs. 5G and 5H).
Discussion
OBSL1 is a novel member of the Unc-89/obscurin gene family Sequence homology and phylogenetic analysis suggest that OBSL1 is a novel member of the Unc-89/obscurin gene family. To date, only three mammalian members of this family have been identified: obscurin, SPEG, and OBSL1. Each is derived from a single invertebrate gene, Unc-89. With the exception of teleost fish, in which a genome duplication event resulted in a pair of each of the three vertebrate genes, no other homologues have been identified. Perhaps due to the small number of genes in the family, each generates multiple isoforms through alternative splicing and, in some cases, through alternative translation initiation and stop sites [9, 18, 19, 24] .
The other members of the obscurin family, Unc-89, obscurin, and SPEG, have each been demonstrated to have important roles in striated myofibril assembly, organization, and/or differentiation [7, [12] [13] [14] 18, 20, 21] . Given the homology of OBSL1 to the other family members and its abundant expression in the heart, we anticipate that OBSL1 is likely to have similarly important roles in striated muscle structure and function. In addition, its relatively broad pattern of expression suggests that it may have a vital role in the function or integrity of other organs and tissues as well.
Interestingly, the domains of obscurin most closely related to those of OBSL1, namely the N-terminal fibronectin and immunoglobulin domains, do not yet have an identified function and a corresponding region has not been identified in Unc-89. Contrary to obscurin, the RhoGEF domain of Unc-89 is at the N terminus. During the evolutionary transition from the Unc-89 gene to obscurin, the coding region for the RhoGEF domain relocated to the region immediately 5′ of the kinaseencoding exons. The phylogenetic origin of the 5′ end of the obscurin gene, and therefore of the OBSL1 gene, is less certain. It is not simply what was left over after removal of the RhoGEFencoding sequence from the 5′ end. The interposition of a fibronectin-like domain within a series of immunoglobulin-like domains is similar to that noted at the carboxy terminus of the obscurin A and Unc-89 isoforms. However, this motif is noted in a number of muscle proteins, including titin and myomesin, and it cannot be convincingly demonstrated that the N-terminal Fn3 motif of obscurin and OBSL1 is derived from the similar Cterminal region of Unc-89. The Unc-89 Fn3 domain appears to be more closely related to the corresponding domain at the C terminus of the obscurin A isoform (see Fig. 1B ). Given the genomic rearrangement that produced the initial obscurin gene, it is most likely that the N-terminal Fn3 domain of obscurin and corresponding domain in OBSL1 likely arose from the Cterminal Fn3 of Unc-89. However, sequence divergence, perhaps due to different selective pressures, may have obscured this relationship.
The domains of obscurin that have been demonstrated to have physical interactions with titin and ankyrin have no homologous counterparts in OBSL1, suggesting that there are important and as yet unidentified protein-protein interactions mediated by the amino terminus of obscurin that may be shared by OBSL1. Preliminary studies have suggested that the corresponding region of obscurin is likely to participate in important structural interactions within the myocyte [25] and it will be important to determine if OBSL1 interacts with similar binding partners. Since the cellular localizations of OBSL1 and obscurin are relatively spatiotemporally distinct, it is possible that OBSL1 and obscurin serve similar functions in different cellular compartments or participate in analogous structures at different developmental or maturational time points.
OBSL1 as a cytoskeletal adaptor
Analysis of the coding sequence predicts the OBSL1 protein to be composed almost entirely of tandemly-arranged immunoglobulin-like domains interrupted by a single fibronectin-like adhesive domain. Both motifs are common in other sarcomeric proteins, including titin, myomesin, M-protein, and obscurin, in which they participate directly in protein-protein interactions that stabilize sarcomere structure [26] . That OBSL1 is composed almost entirely of these motifs suggests that its primary function is to interact with one or, more likely, multiple other proteins to stabilize cytoskeletal structures and/or scaffold signaling complexes. Given its localization to the intercalated disc, to the perinuclear region, and overlying the Z discs and M bands, it is likely that at least some of its interactions are with membrane-bound complexes. This may allow OBSL1 to function as a cytoskeletal adaptor that links cellular support networks, including the intermediate filament, microfilament, or actin filament system, to membrane-bound structures within costameres, intercalated discs, and focal contacts.
The cellular distribution of OBSL1 in cardiac myocytes is reminiscent of that noted for plectin, another cytoskeletal adaptor protein [27] . Like OBSL1, plectin localizes to the intercalated discs, the costameres, and the perinuclear region [28] . In each location, it interacts with intermediate filaments and/or the actin cytoskeleton to stabilize cytoskeletal architecture (reviewed in [29] ). Mutations of plectin have been demonstrated to disrupt the formation and stability of hemidesmosomes, vital structures that reinforce cell-cell contacts (reviewed in [30] ). Hemidesmosome disruption leads to severe clinical manifestations such as blistering of the skin in response to contact, termed epidermolysis bullosa, of which at least one Fig. 4 . Western analysis of OBSL1. Adult rat and human heart lysates were probed with an antibody recognizing the Ig-Fn3 domains of OBSL1. A prominent band was noted at 230 kDa, the expected size for the OBSL1 A isoform, and a band that was far more prominent in the human heart than in the rat heart lysate was noted at 130 kDa, the predicted size of the OBSL1 B isoform. In the human heart lysate, additional bands were noted between 170 and 200 kDa and one at 120 kDa. The 170-to 200-kDa bands likely correspond to the OBSL1 C isoform or splice variants of OBSL1 A, while the smaller band may represent either another isoform or a breakdown product of one of the larger isoforms. In the lower left panel, a bacterial lysate expressing a portion of OBSL1 common to all known isoforms was used as a positive control (rOBSL1) and a bacterial lysate using the empty expression vector was included as a negative control (control lysate). On the right, the prebleed control serum was used on the same samples under identical reaction conditions. type is also associated with muscular dystrophy [31] . Given OBSL1's similar distribution and likely role as a cytoskeletal adaptor, it may also participate in similarly vital cytoskeletal structures.
Perinuclear localization
Proper localization of the nucleus within the cell has been proposed to be the result of interactions between complexes within the nuclear envelope and the cytoskeletal support networks, including micro-, actin, and intermediate filaments (reviewed in [32] ). In cardiac myocytes, the proper positioning of the nucleus and maintenance of a stable positional relationship between it and the contractile apparatus during contraction-relaxation may be of particular importance. Disruption of linkages between the nuclear envelope and the cytoskeleton can lead to a progressive and severe form of dilated cardiomyopathy (reviewed in [33] ). The close association of OBSL1 with the has not yet regained a striated pattern overlying the Z lines and M bands. This is in marked contrast to obscurin, which at this time point displays a prominent striated pattern (I, J, green,^), suggesting that there is no cross-reactivity of the OBSL1 antibody with obscurin. Also, note that there is no immunostaining with the OBSL1 prebleed control serum (K, L, green) under identical reaction conditions. Scale bars, 20 μm (C-F) and 50 μm (G-L).
nuclear envelope both in the mature myocyte and during the remodeling process and its likely role as a cytoskeletal adaptor suggest that it may participate in interactions between membrane-bound proteins of the nuclear envelope and the cytoskeleton. Its localization to the polar ends of the elongated nucleus suggests that it participates in the stabilization of the nuclear shape. Indeed the elongated shape of the cardiac myocyte nucleus may result from "pulling" by the muscle cytoskeleton and OBSL1 may serve to reinforce this cytoskeletal-nuclear envelope linkage, leading to its accumulation at the poles of the elongated nucleus.
In addition to its postulated role in positioning and stabilizing the nucleus with respect to the contractile apparatus, the cell membrane to nuclear envelope network is critical to multiple signaling cascades, including the stress response, through which cytoskeletal signals ultimately result in changes in gene transcription. Some of these transmitted signals may be mechanical. It has been demonstrated that in stretched cardiac myocytes, there are changes in architecture of both the desminlamin intermediate filament network and the nuclear envelopeassociated chromatin [34] . Therefore, mechanical forces that are transmitted to the nuclear envelope may result directly in changes in chromatin structure and, secondarily, in alterations in gene expression profiles. Given the accumulation of OBSL1 at the poles of the elongated nucleus, a feature that has not been noted with other cytoskeletal proteins, including plectin, OBSL1 would appear to be uniquely positioned to participate in the transmission of direct mechanical signals to the nucleus.
The nuclear envelope is also an important site for regulation by various signaling cascades. Previous studies have demonstrated that local Ca 2+ signals generated at the nuclear envelope [35] may participate in the hypertrophic transcriptional response, and the assembly of multiprotein signaling complexes on the cardiac myocyte nuclear envelope has been well described [36] . One potential role of OBSL1 would therefore be to function as a scaffold for signaling complexes at the nuclear envelope and other cellular locations.
Localization between myofibrils
In previous work in our laboratory, we have determined that obscurin links adjacent myofibrils and participates in their lateral alignment and integration [11] [12] [13] . In the presence of limiting amounts of obscurin, cardiac myofibrils are unable to align and organize into larger functional units [12] . Depletion of obscurin in zebrafish embryos resulted in the misalignment of adjacent striated myofibrils and abnormal organization of the sarcoplasmic reticulum [13] . These studies established obscurin as a vital component of the lateral linkage between adjacent myofibrils. One feature that OBSL1 does share with obscurin is its localization between adjacent myofibrils. While obscurin appears to bridge primarily between the M bands of adjacent myofibrils in adult cardiac myocytes [11] , OBSL1 primarily localizes overlying and between Z bands. Therefore, OBSL1 may perform a function at the Z band analogous to that of obscurin at the M band, in that OBSL1 may stabilize the final myofibrillar structure.
Summary
OBSL1 is a novel member of the Unc-89/obscurin gene family. Based on its composition and cellular localization pattern, it is likely to be a cytoskeletal adaptor that participates in the linkage of specific cytoskeletal elements with one another and with membrane-bound complexes within the cell membrane and the nuclear envelope. Given its broad expression pattern, it is predicted to support the cytoarchitectural integrity of a wide variety of cell types and may participate in the scaffolding of signaling complexes to specific intracellular sites.
Further characterization of this novel protein may have important implications for management of clinical disorders characterized by disrupted cell-cell, cell-matrix, or internal cytoskeletal connections, including many of the cardiac and skeletal myopathies
Materials and methods
Cloning of the human obscurin-like protein 1 gene
The amino acid sequence of the amino-terminal fibronectin domain of the human obscurin gene (GenBank Accession No. CAC44768, aa 320-702) was used as a probe to search the GenBank nonredundant protein and nucleotide sequence databases (BlastP and BlastX search algorithms; http://www.ncbi. nlm.nih.gov/BLAST/). The genomic DNA sequence spanning this transcript was determined and potential coding sequence identified using GENSCAN analysis (http://genes.mit.edu/GENSCAN.html) and alignment with previously sequenced ESTs (http://www.ncbi.nlm.nih.gov/blast). Cross-species sequence comparisons were performed using the UCSC Genome Bioinformatics server at the University of California at Santa Cruz (http://www. genome.ucsc.edu/index.html?org=Human&db=hg17&hgsid=65983618). The coding sequence was amplified from an adult human heart MarathonReady cDNA library (Clontech, Inc., Palo Alto, CA, USA) using the following primers: 1F, 5′-GGAGGCCGCCCGCTGAGA; 1R (3′ untranslated OBSL1A), 5′-CCCGCCTGGCCTGGTTAG; 2F, 5′-AGCCCCTGCCCCACG-AC; 2R (3′ untranslated OBSL1C), 5′GTTCCCAGAGACACTTGAGACG; 3F, 5′-CAGCCGCATCTTCCTTGTCAGC; 3R, 5′-CCCGGCGGCCCACCA-GAACG; 4F, 5′-GTGCGTCGCTGGAGATGAGTGTGC; 4R, 5′-TCTGGG-GCCCTGGAGTGACGAC; 4R2 (3′ untranslated OBSL1B), 5′-ATGG-CAGGGAGGTGGGACAGAGGA; 5F, 5′-CTCCCGAGACCCCATTCATC; 5R, 5′-GCGGGGCTCTCCACCACCTCCTCT; 6F, 5′-GCACGCCAAGT- Fig. 7 . Redistribution of OBSL1 during early cardiac myocyte remodeling. Primary adult rat cardiac myocytes were allowed to remodel in culture for 3 days in the presence of serum. During this time, the adult cardiac myocytes attached to the substrate, began to disassemble their contractile structures, and assumed a more rounded appearance, forming new focal contacts with the substrate. After 3 days in culture, the cells were fixed and immunostained for OBSL1 (green) and α-actinin (red). Nuclei were counterstained with DAPI (blue). (A, B) Nuclei (*) from adjacent cells demonstrating polar (cell on the right) or eccentric (cell on the left) accumulations of OBSL1. Polar accumulations were noted to be much more common in freshly isolated, elongated cells with elongated nuclei. As the cells and their nuclei remodeled to be more spherical in shape, the perinuclear distribution was more diffuse, usually without significant areas of accumulation. (C, D) In this remodeling cardiac myocyte, note that the cellular localization of OBSL1 has become more granular or reticular (>) despite persistence of the Z-band architecture as noted by the striated pattern of α-actinin staining (<). Also, note that the perinuclear distribution of OBSL1 remains intact and that OBSL1 has begun to distribute to new focal contacts that have developed between the cell and the substrate (*). Scale bar, 20 μm.
TCCGCTGCTACG; 6R, 5′-CCAGCCGGTAGATGAATGGGGT; 7F, 5′-CG-GCCGCCGCGATGAAGG; and 7R, 5′-GGATGATGAGGCGCCGGA-CAGTGC. Splice variants were also identified by EST analysis and by amplifications from a human kidney cDNA library using the above primers.
Northern analysis
A cDNA probe was generated from the 5′ coding sequence of the human OBSL1 gene, including the amino-terminal fibronectin domain, using randomprime labeling as directed by the manufacturer (Invitrogen, Inc., Carlsbad, CA, USA). One hundred nanograms of probe was labeled with 5 μCi [α- 32 P] dCTP and hybridized to a human multiple-tissue Northern blot (OriGene Technologies, Rockville, MD, USA) using previously described methods [9] . Mapping of the human and zebrafish OBSL1 genes BLAST sequence homology search was used to identify OBSL1 and SPEG sequences within the Ensembl (version 38, April 2006) zebrafish and human genomic DNA databases (http://www.ensembl.org/Multi/blastview) [37] . The human OBSL1 cDNA sequence encoding the Fn3 domain was used as a probe for the human database (BlastX algorithm) and the corresponding predicted amino acid sequence was used as a probe for the zebrafish database (tBlastn algorithm). The SPEG carboxy-terminal kinase domain cDNA and amino acid sequences were likewise used to map the human and zebrafish SPEG loci. The structure of the corresponding genes was constructed by GENSCAN as part of the Ensembl project.
Phylogenetic analysis
Quantitative RT-PCR
RNA was isolated from whole rat hearts as follows. Briefly, the hearts were removed, rinsed in ice-cold PBS, frozen in liquid nitrogen, and homogenized. Total RNA was isolated using the SV Total RNA isolation kit (Promega, Inc.). The samples were converted to cDNA using the Retroscript RT-PCR kit (Ambion, Inc.) and an oligo(dT) primer. To quantify transcripts corresponding to OBSL1 A, B, and C isoform groups, PCR primers were designed to measure rat OBSL1 A-(forward primer, 5′-AGGGCGGTGTTGGAGGTGACTGT; reverse primer, 5′-TGGATGACTAGGCTGTGGGTGGTG), OBSL1 B-(forward primer, 5′-CCATCACCGTCACAGAGTCATACC; reverse primer, 5′-TGGGGAGAGGCAGGAGGAAT), and OBSL1 C-encoding (forward primer, 5′-AGGTGGAGACAGGCCGAGTAGGT; reverse primer, 5′-GGGCCAGC-CAAGTAAAGATGAAT) transcripts. The PCR products were amplified using iQ SYBR Green Supermix (Bio-Rad, Inc.) and assayed in real time using the ABI Prism 7700 sequence detector (Perkin-Elmer Applied Biosystems) as previously described [10] . To estimate the quantity of each isoform, the PCR products were cloned and serial dilutions of the resulting plasmid DNA used to create a standard curve. Three qPCRs were performed for each sample.
Antibody generation
A PCR fragment was amplified from bp 222 to 801 of the human OBSL1 gene (GenBank Accession No. XM_938504.1) and cloned into pRSETC (Invitrogen). Protein was expressed and separated on a 12% Tris-HCl gel. The Coomassie-stained protein band of ∼ 30 kDa was excised and sent to SigmaGenosys, Inc. (The Woodlands, TX, USA) for antibody production in rabbit. Third-bleed antiserum was used for all experiments.
Cell culture and immunostaining
Primary cultures of cardiac myocytes were isolated from adult female Fischer rats as described previously [38] . Cells were cultivated in six-well plates containing 199 medium for growth [39] on 18-mm 2 coverslips in 5% CO 2 . Cells were fixed in methanol/acetone (1/1) and stained. OBSL1 and α-actinin (Sigma-Aldrich, Inc., The Woodlands, TX, USA) antibodies were used at a 1:30 and 1:100 dilution, respectively. Obscurin immunostaining was performed as described previously [11] . FITC-conjugated goat anti-rabbit IgG and Texas redconjugated goat anti-mouse IgG (Jackson Immunological) were used as secondary antibodies. Coverslips were mounted with Prolong Gold antifade reagent with DAPI (to visualize the nuclei) (Molecular Probes, Inc., Eugene, OR, USA). Slides were visualized on an Olympus FV-500 confocal microscope. After review of Z-stack images of 50 nuclei, perinuclear staining of OBSL1 was categorized as diffuse (if no or more than two distinct OBSL1 accumulations could be identified), eccentric (if the two OBSL1 accumulations were not aligned at opposite poles of the nucleus), or polar (if the two accumulations could be connected by a line passing through the approximate center of the nucleus).
